1. Lipogenesis in sheep liver and adipose tissue was investigated by incorporation studies in vitro with radioactive glucose and acetate and by assays of key enzymes. 2. Carbohydrate availability to sheep was increased by feeding on a diet containing 70 % soluble carbohydrate, by infusing glucose into the abomasum or by direct intravenous infusion of glucose. 3. Under these conditions lipogenesis from glucose and acetate was increased from very low values in liver and adipose tissue, especially in those animals where rumen fermentation was by-passed by glucose infusion. 4. Large increases in the activities of ATP citrate lyase (EC 4.1.3.8) and NADP-malate dehydrogenase (EC 1.1.1.40) occurred in both tissues when lipogenesis was increased. 5. No adaptations were found in the activities of pyruvate carboxylase (EC 6.4.1.1) in adipose tissue, glucokinase (EC 2.7.1.2) in liver or 3-hydroxybutyrate dehydrogenase (EC 1.1.1.30) in liver. It is proposed that the absence of these enzymes is not related to glucose availability. 6. The effect of glucose on liver lipogenesis was to increase conversion of acetate into lipid. 7. This effect also occurred in adipose tissue, but in this tissue glucose also became a quantitatively important precursor of triglyceride fatty acid.
In monogastric mammals given a high-carbohydrate diet, triglyceride is formed from glucose in both adipose tissue and liver. Although ruminants also eat large amounts of carbohydrate, this consists mainly of cellulose and hemicellulose, and these polymers are degraded in the rumen to yield acetate, propionate and butyrate (Elsden & Phillipson, 1948) . Very little glucose is absorbed from the gut in sheep fed on a normal diet (Katz & Bergman, 1969) .
One consequence of this difference between monogastric animals and ruminants is the need to produce glucose in the latter group. Glucose synthesized in the liver from propionate, amino acids, glycerol and lactate is probably used as an energy source for brain and some other tissues, but neither liver nor adipose tissue convert glucose into triglyceride for storage. The enzymes on this pathway of lipogenesis that are absent are glucokinase (Ballard & Oliver, 1964b) , ATP citrate lyase and NADP-malate dehydrogenase in liver (Hardwick, 1966; Hanson & Ballard, 1967) , and ATP citrate lyase, NADP-malate dehydrogenase and pyruvate carboxylase in adipose tissue (Hanson & Ballard, 1967) .
In Control sheep. Six merino wethers were killed at between 4 and 6 months old. These animals were raised by their mothers with unrestricted access to pasture and weighed 23-24kg at the time of slaughter.
Carbohydrate-fed sheep. These animals were artificially reared from birth and were killed when 4-6 months old. During the last 4-5 weeks before slaughter the lambs were fed on a pelleted diet consisting of 1 part of crushed wheat and 1 part of a 7 mixture containing glucose (20g), casein (20g), corn starch (50g), skim-milk powder (lOg), a salt mixture (2g) (Schwarz, 1951) and 1 g of a vitamin mixture (Vidaylin; Abbott Laboratories, Kurnell, N.S.W., Australia). The energy value of this diet was 4kcal/g with 18% protein and 70% carbohydrate. By the gradual introduction of this solid diet and decrease of milk intake, a satisfactory growth rate was maintained with only occasional diarrhoea. During the last 4 weeks on this pelleted diet the mean daily intake was approx. 5OOg/day.
Sheep with abomasal glucose infusions. Abomasal fistulae were inserted in three wethers aged 5 months (Jarrett, 1948) . These animals received a gradually increasing glucose infusion for 7 weeks, from 50g/ day over the first 4 weeks to 170g/day over the final 2 weeks. Voluntary food intake of a mixture containing 3 parts of wheaten hay chaff and 1 part of lucerne chaff averaged 750g/day throughout the whole period.
Sheep with intravenous glucose infusions. Cannulae were inserted into the jugular veins of four wethers aged 6 months and a sterile solution of glucose was infused for 3 weeks. The infusion rates were 80g/day for one week, 120g/day for the second week and 130g/ day for the final week. The food intake remained at lOOOg of wheaten hay chaff-lucerene hay chaff (3:1, w/w) throughout the experimental period.
Methods
Blood sampling. Blood was taken from all animals at regular intervals for the measurement of glucose concentrations. Although no marked differences in glucose concentration were evident, intravenous glucose-tolerance tests on the carbohydrate-fed sheep showed a more rapid removal of glucose. The mean time taken for the glucose concentration to fall to half the peak value (Reid, 1958) in four control animals was 100min, in four sheep on the pelleted diet it was 40min and in two animals with abomasal glucose infusion it was 50min. At the end of the experimental period the animals were lightly anaesthetized with pentobarbitone and blood samples obtained from the carotid artery and the portal vein. A portion of liver from the parietal lobe and some omental fat were taken for analysis.
Measurements of acetate and glucose in blood. Blood (3 ml) was added to 5ml of 6% (w/v) HC104 at 0°C. The precipitated protein was removed by centrifugation and re-extracted with 2ml of 6 % (w/v) HCl04. The Glucose was measured in whole blood by an automated method with glucose oxidase (Cramp, 1967) .
Preparation of tissue extracts. Livers were homogenized in 9vol. of 0.25M-sucrose at 0°C. A portion of this homogenate was freeze-dried and suspended in twice the original volume of water. This was used for the assay of 3-hydroxybutyrate dehydrogenase. The remaining homogenate was centrifuged at lOOOOOg for 30min at 2°C and the supernatant fraction was used for assays of glucokinase, hexokinase, ATP citrate lyase and NADP-malate dehydrogenase.
Sheep adipose tissue congeals irreversibly when the temperature is lowered below 30°C. To avoid this and subsequent difficulty in homogenization or tissue incubation, adipose tissue was rapidly removed from anaesthetized animals and placed in 0.15M-NaCl at 37-420C. Tissue was homogenized in 3vol. of 0.25M-sucrose (w/v) at 37°C and a portion freezedried. This sample was suspended in twice the original volume of a solution containing 50mM-tris-HCl buffer, pH7.5, 0.5mM-EDTA, 5mM-ATP and 5mM-MgSO4 at pH 7.2. After this extract had been centrifuged at 3000g for 5min to remove the fat, the lower layers were mixed and used for the assay of pyruvate carboxylase. The remaining tissue homogenate was centrifuged at lOOOOOg for 30min and the infranatant used for the measurement of ATP citrate lyase and NADP-malate dehydrogenase activities.
Enzyme assays. ATP citrate lyase was measured by a minor modification (Ballard & Hanson, 1967a ) of a method described by Srere (1962) . NADPmalate dehydrogenase was assayed by the method of Ochoa (1955) . Glucokinase and hexokinase activities were determined as described by Ballard & Oliver (1964a) but with 1 mM-dithiothreitol added to the spectrophotometer cuvettes. The extinction change at 340nm in a cuvette containing 50mM-glucose but no ATP was used as a blank for glucokinase and a cuvette containing 0.5mM-glucose but no ATP was used as a blank for hexokinase. In addition, the corrected hexokinase activity was subtracted from the apparent glucokinase activity as both enzymes are measured at 50mM-glucose. Pyruvate carboxylase was assayed as described previously (Ballard & Hanson, 1967b) . 3-Hydroxybutyrate dehydrogenase was measured as described by Lehninger et al. (1960) . Test cuvettes contained 50 mM-tris-HCl buffer, pH 8.5, 2.5mM-dithiothreitol, 2mM-NAD+, SOmM-nicotinamide, extract and 20mM-DL-3-hydroxybutyrate. Blank values with 3-hydroxybutyrate omitted from 1972 the reaction mixture were subtracted from the observed extinction change at 340nm. All enzyme assays were carried out at 37°C and activities are expressed as ,umol of substrate converted or product formed/min per g of tissue. Negligible enzyme activities may be caused by a decrease during extraction rather than by a truly low activity in situ. We have attempted to overcome this problem by using rat tissues as a standard. At the same time that each sheep was killed, samples of liver and adipose tissue from a rat were homogenized and enzymes extracted and measured in an identical manner.
Measurement of lipogenesis. Liver slices were prepared as described by Ballard & Oliver (1964a) , rinsed in 0.15M-NaCl and weighed, and approx. 300mg was transferred to 25ml flasks containing 4ml of the appropriate incubation medium. This procedure was carried out in the cold with solutions at 20C. Portions of adipose tissue (200-400mg and 2-4mm thick) were weighed and placed in similar incubation vessels containing medium at 37°C. The flasks were gassed with 02 + C02 (95: 5) and incubated with shaking for 2h at 370C. The media used for these studies consisted of Krebs-Ringer bicarbonate, pH7.4 (Umbreit et al., 1959) containing 50mM-[U-_4C]glucose (2.5,uCi) plus 0.1 unit of insulin, 50mM-sodium [1-14C]acetate (2.5,uCi), or 50mM-sodium [1-_4C]acetate (2.5,uCi) plus lOmm-glucose with 0.1 unit of insulin. Flasks with radioactive glucose were fitted with a plastic bucket (Kontes Glass Co., Vineland, N.J., U.S.A.) containing folded filter paper (2cm x 3cm). At the end of the incubation period 0.1 ml of 6M-KOH was injected on to the filter paper and C02 released by injection of 0.5ml of 0.5M-H2SO4 to the incubation medium. The flasks were shaken for an additional 30min, after which the filter papers were removed and air dried, and the radioactivity was determined by liquid-scintillation spectrometry (Buhler, 1962) . With acetate as substrate the incubation was terminated with 0.5ml of 0.5M-H2SO4. Liver slices or pieces of adipose tissue were removed, rinsed in 0.15M-NaC1 and the lipid was extracted into chloroform-methanol (2:1, v/v). Radioactivity in fatty acid and glycerol fractions of triglyceride was determined as described previously (Ballard & Hanson, 1967a) .
Statistical analysis. Differences between means were analysed by Student's 't'test or by the Wilcoxon Rank sum test (Wilcoxon, 1945) .
Results

Blood acetate and glucose concentrations
Acetate concentrations in the portal veins of all groups of sheep were approx. 1.2mM (Table 1) . This represents an increase over arterial blood of 0.43 mm in control sheep, 0.61 mm in carbohydrate-fed sheep and 0.73 mm in animals receiving glucose intravenously.
When compared with control animals the concentration of glucose in portal blood was unchanged in sheep with abomasal glucose infusion, increased in carbohydrate-fed animals and decreased in animals with intravenous glucose infusion ( Table 2 ). These portal-vein concentrations were lower than found in arterial blood of control sheep or animals with intravenous glucose infusion. In carbohydrate-fed sheep the arterial-portal glucose concentration difference was not significant, whereas the glucose concentration in the portal vein of sheep with abomasal glucose infusion was 0.25mm greater than in arterial blood.
Lipogenesis from glucose
In liver slices from all groups of sheep the incorporation of glucose into C02, glyceride fatty acid or glyceride glycerol is lower than found in rat liver slices (Table 3 ). The rate of incorporation of glucose into glyceride fatty acids increases from 0.17,ugatom of carbon/g of tissue in control animals to 0.31 ,g-atom/g of tissue in carbohydrate-fed sheep and 0.44,ug-atom/g of tissue in liver slices from sheep with intravenous infusions ofglucose. There were also increases in the incorporation of glucose into the glycerol moiety of triglyceride in slices from carbohydrate-fed sheep and sheep with abomasal glucose infusions. Adipose tissue from control sheep shows a very low rate of incorporation of glucose into all products measured (Table 4) . Of the ten sheep fed on the highcarbohydrate diet, four (group A) showed no adaptation, but in six animals (group B) there was a tenfold increase in glucose incorporation into fatty acid and a lesser increase into CO2 and glyceride glycerol. Fatty acid labelling from glucose was markedly increased in adipose tissue from sheep with glucose infusions, from 0.24,ug-atom of carbon/ 2h per g of tissue in control animals to 4.44 and 8.10 respectively in tissue from sheep with abomasal or intravenous glucose infusions.
Lipogenesis from acetate
All carbohydrate treatments increased hepatic lipogenesis from acetate (Table 5 ). The greatest effect was found in liver slices from sheep with intravenous glucose infusions. In these animals the incorporation of acetate into glyceride fatty acids was 10.8,ug-atoms of carbon/2h per liver, compared with a value of 1.18 in slices from control sheep. This increased rate of lipogenesis was fourfold greater than found in rat liver slices. The addition of 10mM-glucose plus 0.1 unit of insulin did not affect acetate incorporation in either sheep or rat liver slices.
In sheep adipose tissue the addition of glucose and insulin to the incubation medium produces a 4-13-fold increase in lipogenesis, compared with a fivefold effect in rat adipose tissue (Table 6 ). The smallest effect was in tissue from control animals. The rate of lipogenesis in the presence of glucose and insulin was increased from 3.5,ukg-atoms of carbon incorporated/ 2h per g of tissue to about 14 in carbohydrate-fed sheep and to 35.8 and 41.6 respectively in sheep with abomasal and intravenous infusions of glucose. The carbohydrate-fed animals are separated into the two groups defined in Table 4 . With acetate as lipogenic precursor, however, these groups show no statistical differences from each other.
Enzyme measurements
The activities of ATP citrate lyase, NADP-malate dehydrogenase, glucokinase and 3-hydroxybutyrate dehydrogenase in liver from control sheep were 4, <2, 2 and 2% respectively of the values in rat liver (Table 7) . Of these enzymes only ATP citrate lyase and NADP-malate dehydrogenase increased in activity in sheep either fed on or infused with carbohydrate. There was considerable variability in these enzyme assays, probably caused by the low activities in sheep liver. Hexokinase was present in sheep liver at about 20-25 % of the activity in the rat, but was 1972 (Table 8 ). This enzyme activity was not increased above control activities in the group of carbohydrate-fed animals (group A) that showed no increase in lipogenesis from glucose (Table 4) , but in group B there was a large increase, from 0.005 to 0.066unit/g of tissue. With intravenous infusion of glucose the ATP citrate lyase activity increased to 0.220unit/g, a value comparable with that found in rat adipose tissue (0.280unit/g). NADP-malate dehydrogenase activity was increased in adipose tissue of all groups except those with abomasal glucose infusion, where one animal had an activity similar to the controls. Although NADP-malate dehydrogenase activity in sheep with intravenous glucose infusion represented a ninefold increase over control values, this was still less than 10% of the enzyme activity in rat adipose tissue. Pyruvate carboxylase activity was low and variable in adipose tissue from all groups of sheep. There were no statistically signiVol. 126 ficant increases in activity with carbohydrate feeding or infusion.
Discussion
Normal sheep
The four groups of sheep in this study were selected because of differences in carbohydrate availability to tissues. Normal animals obtain very little, if any, glucose from the diet, since carbohydrate is converted into volatile fatty acids by rumen micro-organisms (Elsden & Phillipson, 1948) . The higher concentration of acetate and lower concentration of glucose in the portal blood of these animals compared with the arterial blood is consistent with this rumen fermentation, and contrasts with the situation in monogastric animals. The low rates of hepatic or adipose-tissue lipogenesis from glucose emphasize the minimal importance of this pathway to the ruminant animal. As reported previously (Ballard et al., 1969 ) the citrate-cleavage pathway probably limits fatty acid synthesis from glucose in both tissues. This limitation Glucose, insulin 3.5 ± 1.5 13.2* ± 3.3 15.0* ± 3.5 35.8* ± 10.0 41.6* ± 1.6 16.3 ± 1.1 It is unlikely that the low activities of hexokinase and glucokinase in sheep liver regulate fatty acid synthesis from glucose, because this precursor is oxidized to CO2 and converted into glyceride glycerol at substantial rates. However, these rates are lower than in rat liver slices and probably reflect the physiological role of sheep liver to produce glucose in both the fed and the starved states (Bergman et al., 1970) .
Liver and adipose tissue from young sheep can convert acetate into fatty acid at appreciable rates, suggesting that fatty acid synthesis is not limited by the sequence acetyl-CoA to triglyceride (Table 9) . Under all manipulations acetate is a better precursor for fatty acid synthesis than glucose. This is not the case for fatty acid synthesis in rat adipose tissue.
Adaptations to increased glucose availability
Several authors have measured the activities of NADP-malate dehydrogenase and ATP citrate lyase in tissues from cattle fed on high-carbohydrate diets Young et al., 1969) . These experiments show little if any adaptation to the diets in either liver or adipose tissue and both enzyme activities remain very low compared with rat tissues.
In the present study we found it surprising that of the ten animals fed on a high-carbohydrate diet, four showed no changes in conversion of glucose into fatty acid or in ATP citrate lyase activities in adipose tissue, whereas both parameters were increased tenfold in the other six animals. This difference could not be related to weight gain, food intake, differences in the volatile fatty acid content of rumen fluid or the glucose tolerance of the animals. Further, there were no differences in acetate incorporation, NADP-1972 Animals These two enzymes are also present in foetal ruminant liver at activities many times greater than in normal adults (Hanson & Ballard, 1968; Muramatsu et al., 1970) and thus change with age towards the particular metabolic pattern of mature ruminants. Glucokinase and 3-hydroxybutyrate dehydrogenase in liver and pyruvate carboxylase in adipose tissue have insignificant activities under all conditions tested. The absence of these enzymes may be part of an intrinsic pattern in ruminant tissues.
